SOME ASPECTS OF THE STABILITY OF THE SO--CALLED "Co--MoI S" PHASE PRESENT IN SULFIDED CARBON--SUPPORTED Co AND CoMo CATALYSTS. A MOSSBAUER EMISSION SPECTROSCOPIC STUDY
A relation between the quadrupole splitting (Q.S. value) of the "Co-sulfide" phase and its sensitivity to exposure to ambient air could be established by means of M6ssbauer emission spectroscopy (MES). For both Co/C and CoMo/C catalysts showing a quadrupole doublet with a large Q.S. value (1.20-1.30 ram/s) air exposure at room temperature for one day did not cause significant changes in the MES spectrum. In the case of catalysts showing a doublet with a smaller Q.S. value, exposure to anabient air resulted in the presence of a high-spin 2+ doublet. In addition, for these catalysts air contact is found to give rise to an increase of the Q.S. value of the "Co-sulfide" phase which points to an increased dispersion of the "Co-sulfide" phase.
INTRODUCTION
Hydrotreating catalysts are generally applied to relnove heteroatoms from crude oil fractions. Application of in-situ M6ssbauer emission spectroscopy (MIZS) enabled Topsoe et al. /1/and Wivel et al. /2/ to establish a relation between the structural parameters of sulfided CoMo catalysts (the spectral contribution of the so-called "Co-Mo-S" quadrupole doublet) and their thiophene hydrodesulfurization (HDS) activity. The so-called "Co-Mo-S" doublet was originally observed in sulfided CoMo catalysts, but recently van der Kraan et al. /3,4/ observed the same doublet in sulfided Co/C catalysts (without Mo). The corresponding "Co-Mo-S" species turned out to be an intermediate during the stepwise sulfidation from room temperature to 673 K of these Co/C catalysts. The results of in-situ MES (down to 4.2 K/5/) and EXAFS measurements /6/showed that the "Co-Mo-S" in Co/C is equal to that in CoMo/C. In the present study it is therefore tried to distinguish them chemically. In a previous paper /7/ several aspects of the stability of the "Co-Mo-S" phase in a CoMo/C catalyst at low Co/Mo ratio (0.0094) were discussed. This discussion is now extended to CoMo/C catalysts with higher Co/Mo ratios and to Co/C catalysts.
RESULTS AND DISCUSSION
For details about catalyst preparation and applied sulfidation procedure see e.g./4/. In the catalyst notation the Co and Mo contents are given in wt% and Co/Mo stands for the atomic ratio of Co over Mo. Fig. 1 shows the MES spectra of a Co(0.1)Mo(6.84)/C catalyst sulfided at 673 K (S, 673 K). It is clear that tile MES spectrum is not affected by exposure to ambient air during one day (REOX, 1 D), which is in agreement with earlier findings on a Co(0.04)Mo(6.84)/C catalyst/7/. For this last catalyst it was found that during exposure for one year the resonant absorption area (RAA) slowly decreased to zero. From fig. 1 it can be seen that also for the Co(0,1)Mo(6.84)/C catalyst the RAA became almost zero after exposure to air for one year (REOX, 1 y). To elucidate whether besides the RAA also the chemical structure was changed, the catalyst was examined at 77 K and the spectrum in fig. 1 clearly shows the presence of a high-spin 2+ doublet, ltence, changes in the chemical structure occurred during the one year exposure to ambient air. In fig. 2 This is in agreement with (but does not prove) our suggestion /7/ that the high-spin 2+ phase is hygroscopic and that the adsorbed water weakens the interaction between the Co-containing phase and the "MoS2" particles. Namely, at very low temperatures the water is frozen while it melts at a certain temperature. The melting temperature will be strongly influenced by the concentration of (highspin 2+) ions and can therefore be substantially lower than 273 K. Figure 3. M6ssbauer emission spectra of Co(2.25)Mo(6.84)/C sulfided at 673 K and subsequently exposed to ambient air for one day and 80 days respectively.
In fig. 3 MES spectra of Co(2.25)Mo(6.84)/C after sulfidation up to 673 K (S, 673 K) and subsequent exposure to ambient air are presented. Two doublets are shown in the spectrum after exposure to air (REOX, 1 D). A small high-spin 2+ contribution obviously originating from Co which is affected by the air (doublet ll). The other doublet (doublet l) is characterized by a Q.S. value which is larger than the Q.S. value measured directly after sulfidation at 673 K (S, 673 K). Exposure of the Co(2.25)Mo(6.84)/C catalyst to air for 80 days (REOX, 80 D) leads to a complete loss of the RAA. Comparison with the results on Co(0.04)Mo(6.84)/C/7/learns that the catalyst with the high loading looses its RAA much faster than that with the low Co-loading. Results obtained on a Co(0.04)/C and a Co(2.45)/C catalyst are presented in fig. 4 . In the case of Co(0.04)/C one day exposure (REOX, 1 D) resulted in an increased Q.S. value but did not lead to the formation of a species characterized by a high-spin 2+ doublet. After exposure to air for 26 days (REOX, 26 D), a high-spin 2+ contribution is measured and though it is not allowed to compare the RAA values (the catalyst has been taken out of the reactor during the 26 days) it can be concluded from the counting statistics that the RAA is decreased markedly. The Co(2.45)/C catalyst shows already a high-spin 2+ contribution after exposure to air for only one day. The relative contribution of the high-spin 2+ phase has increased during exposure to air for 48 days, and it again can be concluded from the counting statistics that the RAA is decreased. In addition, the Q.S. value of doublet I increases in the following order (S, 673
There is a clear trend in the data discussed so far, viz., the smaller the Q.S. value of the "Cosulfide" phase present in the freshly sulfided catalyst (S, 673 K) the more sensitive this phase is to ambient air contact. Namely, the smaller this Q.S. value, the higher the tendency for high-spin 2+ formation, decrease in RAA and increase in the Q.S. value of doublet I of the air exposed sample. Since exposure to air for one year leads to the formation of a 100% high-spin 2+ phase and not to an oxidic 3+ phase, this doublet I must be assigned to a "Co-sulfide" phase. As it was reported by Craj6 et al./8/ that the Q.S. value of the "Co-sulfide" phase is a measure for its dispersion, the increase in Q.S. value after exposure to air, points to an increase of the dispersion of the "Co-sulfide" phase.
In order to confirm this relation a Co(0.04)/C catalyst was prepared and split into two samples. One sample was stepwise sulfided up to 473 K after which it could be characterized by a 100 % "Co-Mo-S" doublet (see fig. 5 ). Upon exposure to air for one day (REOX, 1 D) the spectrum hardly changed. As was to be expected, the phase causing the large Q.S. value is insensitive to this air exposure. The other sample was again first stepwise sulfided up to 473 K but it was subsequently kept in the sulfiding gas mixture at 460 K for 72 h /5/. This extended sulfidation has led to a decrease of the Q.S. value which in turn resulted in a higher sensitivity to air exposure (REOX, 1 D). Due to this air exposure, the Q.S. value of doublet I has increased markedly and a high-spin 2+ contribution is clearly present in the spectrum. Furthermore, it can be seen from fig. 5 that resulfidation (ReS, 473 K) of the air exposed sample led to a spectrum with a Q.S. value which is much larger than the one measured directly after sulfidation at 460K K. This is a strong indication that indeed the dispersion of the "Co-sulfide" phase increased during exposure of the catalyst to air. So, it is demonstrated that both Co/C and CoMo/C catalysts contain a "Co-sulfide" phase the Q.S. value of which correlates with its sensitivity to ambient air contact, viz., the larger the Q.S. value the lower the sensitivity to air. Crajd et al./8/have demonstrated that the Q.S. value of the "Co-sulfide" phase is related to its dispersion. The larger the Q.S. value, the higher the dispersion. This indicates that the sensitivity to exposure to ambient air of very highly dispersed "Co-sulfide" is low, whereas it is high for less well dispersed "Co-sulfide". Upon exposure to air of these less well dispersed "Co-sulfide" very rapidly a high-spin 2+ doublet appeared in the spectrum and the Q.S. value of the sulfidic doublet I increased. A similar effect of sensitivity for H 2 was observed by Christensen et al. /9/, who found that "Co-sulfide" characterized by a smaller Q.S. value could be reduced more easily in 1q 2 than the one characterized by a larger Q.S. value.
